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The DAEδALUS Approach To      Appearance: 

 Multiple neutrino sources at different baselines 

 Single neutrino detector 

The Traditional Approach	  To	  	  	  	  	  	  Appearance:	  

	  Single	  neutrino	  source	  

	  Mul8ple	  neutrino	  detectors	  at	  different	  baselines	  

eν
(      ) 

eν
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Measurement strategy:	


Using	  the	  near	  neutrino	  source	  
measure	  absolute	  flux	  normaliza1on	  with	  νe-‐e	  events	  to	  ~1%,	  

Also,	  measure	  the	  (νeO)	  νeC	  event	  rate.	  

At	  far	  and	  mid-‐distance	  neutrino	  source,	  
Compare	  predicted	  to	  measured	  νeO	  (νeC)	  event	  rates	  
to	  get	  the	  rela1ve	  flux	  normaliza1ons	  between	  3	  sites	  

For	  all	  three	  neutrino	  sources,	  
given	  the	  known	  flux,	  fit	  for	  the	  νµ	  →	  νe	  signal	  

	  with	  δ as	  a	  free	  parameter	  

_	   _	  
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1.5 km 
Accelerator 

8 km 
Accelerators 

20 km 
Accelerators 

1 ms 1 ms 1 ms 
4 ms 4 ms 

Beam Off Beam Off 
1 ms 1 ms 1 ms 4 ms 4 ms 

1 ms 1 ms 1 ms 4 ms 4 ms 

You need to know which	

one is providing the beam.	

So they have to turn on/off.	


The duty factor is flexible, but beam-off time is 
needed to measure backgrounds—also compatible 
with running other experiments	




Detection Channel: Inverse β decay���
νe + p à e+ + n	
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CHAPTER 3. THE DOUBLE CHOOZ EXPERIMENT 31

Figure 3.3: Cartoon of the IBD (⌫̄e + p ! e+ + n) delayed coincidence signal in the DC far

detector.

3.2 The Double Chooz Detector

The Double Chooz detector uses a multi-zone design. The far detector is illustrated in

Fig. 3.4. The central detector region consists of four concentric cylindrical liquid volumes

surrounded by a passive steel shielding. An outer muon veto sits above the steel shielding on

top of the detector and a calibration glove box connects to the central volumes through a long

neck called the “chimney”. In what follows, we describe each of the detector components

in detail.

3.2.1 ⌫̄e Target

The inner-most volume is called the “target” and defines the IBD interaction volume. It

consists of 10.3 m3 of a newly-developed liquid scintillator doped with Gd as a Gd-�-

diketonate compound (Gd(thd)
3

) [58] enclosed in an 8 mm thick acrylic vessel transparent

to UV and visible light. The target vessel has an approximately cylindrical shape with a

radius of 1.150 m and a height of 2.458 m.

Ideal	  signal:	  
1.  Delayed	  coincidence	  
2.  Neutrino	  energy	  reconstructed	  	  
3.  Large	  cross	  sec8on	  
4.  Cross	  sec8on	  known	  to	  <	  1%	  

Requires	  free	  protons	  and	  n	  tagging!	  
ü  	  	  Gd-‐doped	  Water	  Cerenkov	  
ü  	  	  Scin8llator	  detector	  
✗  Liquid	  Argon	  TPC	  
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Primary Cyclotron	

(Separated sector, ���
super-conducting)	


Injector Cyclotron ���
(Compact, resistive)	


Target/shielding	


We use multiple “Accelerator Units” to produce our DAR beam, 	

	
 	
Constructed out of Cyclotrons,	

	
 	
 	
 	
Which accelerate H2 to 800 MeV/amu	


e-‐	  p	   p	  



νe	  

νµ	


νµ	


The DAEδALUS Neutrino Source ���
 π+ decay-at-rest (DAR) beam:	


p + C →	


Shape driven by nature!	

 	

Only the normalization	

varies from beam to beam	


A great place to search for	

	
νµ  à  νe	


_	
 _	
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Figure 2: The 8Li isotope DAR anti-electron-neutrino flux.
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Figure 3: Neutrino flux distribution from a pion/muon DAR source, from Ref [36].

second is neutrino-electron elastic scattering (⌫ + e ! ⌫ + e). This cross section is well constrained by
Standard Model measurements of e+e� scattering [35]. Although this interaction lacks a coincidence
signal, it is highly directional, even at DAR energies. On the other hand, the low energy neutrinos
from a DAR source means that the relevant interactions have low absolute cross sections, leading to
the high flux requirement. A DAR source therefore has the overall disadvantage of requiring a very
intense source that can be installed at or near a detector in an underground location. Below, we will
show that cyclotrons, as DAR neutrino drivers, have su�ciently high intensity and small enough size
to overcome these disadvantages.

DAR sources range in energy from up to a few MeV from isotope decay, where we use 8Li decay
as our example (see Figure 2), to 52.8 MeV from the ⇡+ ! µ+ chain (see Figure 3). The flux from
isotope decay is pure in flavor, while the pion/muon decay has well-defined flavor ratios.

The pion/muon DAR beam is best produced by impinging low energy ⇠ 800 MeV protons on a
light target to produce a high rate of pions through the �-resonance. The target must be surrounded

4



Where can DAEδALUS run?	


MEMPHYS	


LENA	  

Hyper-K (or initially, Super-K)	
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Focus	  of	  this	  talk	  
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Figure 14: The event energy distributions for signal and background of the DAE�ALUS@Hyper-K
running scenario with sin2 2✓

13

= 0.10.. Black, green and violet histograms show signals for �
cp

= 0,
45� and -45�. The blue histogram shows the intrinsic ⌫̄

e

beam-on background. The red histogram shows
the beam-o↵ backgrounds. Top row: events from the near (1.5 km) and middle (8 km) accelerators.
Bottom row: events from the far (20 km) accelerator.

violation with uncertainties estimated to be around 5�. For this discussion we make the same assump-
tions are were used for Table 6: a 560 kton Gd-doped water detector, sin2 2✓

13

= 0.1, and ✓
23

= 49�

[88].
The power of the combined run is shown in Figure 15. The top plot shows the expectation for

the two experiments individually. Nominal JPARC@Hyper-K running assumes three years of running
in neutrino mode. This data set would yield the uncertainty indicates by the green diamonds. This
would be followed by seven years of running in antineutrino mode. This data set, alone, results in the
curve indicated by the green ⇥ symbols. One clearly sees that the strength of JPARC@Hyper-K is
in neutrino running, as one would expect from a conventional neutrino beam. Combining these two
data sets gives the green solid curve with triangles. DAE�ALUS@Hyper-K alone, with a 10 year run,
results in the solid red curve. One can see that DAE�ALUS@Hyper-K has a similar shape to the
JPARC@Hyper-K antineutrino running, where the di↵erences come from the additional purity of the
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shown in the table are estimates of the measurement uncertainties for the proposed Hyper-K [93] and
LBNE [94] experiments for ten year runs with the proposed upgraded beam intensities (0.75 MW for
HyperK and an average 0.85 MW for LBNE). Depending on the true value, DAE�ALUS has compa-
rable sensitivity for measuring �

CP

but has very di↵erent systematic uncertainties. Thus, DAE�ALUS
could provide key information that can be used in conjunction with the other experiments to reduce
the global measurement uncertainty.

Event Type 1.5 km 8 km 20 km
IBD Oscillation Events (E

vis

> 20 MeV)
�
CP

= 00, Normal Hierarchy 2660 4456 4417
” , Inverted Hierarchy 1838 3268 4338

�
CP

= 900, Normal Hierarchy 2301 4322 5506
” , Inverted Hierarchy 2301 4328 5556

�
CP

= 1800, Normal Hierarchy 1838 3263 4295
” , Inverted Hierarchy 2660 4462 4460

�
CP

= 2700, Normal Hierarchy 2197 3397 3206
” , Inverted Hierarchy 2197 3402 3242

IBD from Intrinsic ⌫
e

(E
vis

> 20 MeV) 1119 79 31
IBD Non-Beam (E

vis

> 20 MeV)
atmospheric ⌫

µ

p “invisible muons” 505 505 505
atmospheric IBD 103 103 103

di↵use SN neutrinos 43 43 43
⌫�e Elastic (E

vis

> 10 MeV) 40025 2813 1123
⌫
e

�oxygen (E
vis

> 20 MeV) 188939 13281 5305

Table 6: Event samples for the DAE�ALUS@Hyper-K running scenario for a 10 year run with
sin2 2✓

13

= 0.1 [88].

�
CP

–180� –90� 0� 90� 135�

DAE�ALUS@Hyper-K 9.2 12.9 10.8 18.1 16.9
Stat - only (8.8) (11.5) (10.5) (15.8) (16.2)

JPARC@Hyper-K 7.8 15.2 7.8 15.0 9.1
LBNE 10.4 18.5 10.4 15.9 11.4

Table 7: DAE�ALUS@Hyper-K 1� measurement uncertainty (in degrees) on �
CP

for sin2 ✓
13

= 0.10
assuming the baseline 10 year data sample with a 560 kton Gd-doped water detector. (Statistical only
errors are shown in parentheses.) Also shown is an estimate for the JPARC@Hyper-K sensitivity for
a 560 kton water detector run for 7.5 MWyrs (3 years ⌫ and 7 years ⌫̄) assuming 5% systematic errors
and the LBNE experiment with a 35 kton liquid argon detector run for 8.5 MWyrs (5 years ⌫ and
5 years ⌫̄).

The DAE�ALUS high-statistics antineutrino data can be combined with a neutrino-only long base-
line measurement to provide improved sensitivity for measuring �

CP

. One possibility is a ten year
neutrino-only run of the JPARC@Hyper-K configuration combined with a ten year DAE�ALUS@Hyper-
K exposure. The complementarity of the two experiments allows for a very precise search for CP

24
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Figure 16: Top: The sensitivity of the CP -violation search in various configurations: Dark Blue
– DAE�ALUS@LENA, Red-DAE�ALUS@Hyper-K, Black–DAE�ALUS/JPARC(nu-only)@Hyper-
K. Bottom: Light Blue– LBNE; Green– JPARC@Hyper-K [93] Black–DAE�ALUS/JPARC(nu-
only)@Hyper-K (same as above). See Table 5 for the description of each configuration.
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Figure 16: Top: The sensitivity of the CP -violation search in various configurations: Dark Blue
– DAE�ALUS@LENA, Red-DAE�ALUS@Hyper-K, Black–DAE�ALUS/JPARC(nu-only)@Hyper-
K. Bottom: Light Blue– LBNE; Green– JPARC@Hyper-K [93] Black–DAE�ALUS/JPARC(nu-
only)@Hyper-K (same as above). See Table 5 for the description of each configuration.
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Configuration Source(s) Average Detector Fiducial Run
Name Long Baseline Volume Length

Beam Power

DAE�ALUS@LENA DAE�ALUS only N/A LENA 50 kt 10 years

DAE�ALUS@Hyper-K DAE�ALUS only N/A Hyper-K 560 kt 10 years

DAE�ALUS/JPARC DAE�ALUS Hyper-K 560 kt 10 years
(nu only)@Hyper-K & JPARC 750 kW

JPARC@Hyper-K JPARC 750 kW Hyper-K 560 kt 3 years ⌫ +
7 years ⌫̄ [93]

LBNE FNAL 850 kW LBNE 35 kt 5 years ⌫
5 years ⌫̄ [89]

Table 5: Configurations considered in the various CP violation sensitivity studies.

tagging e�ciency, assumed to be 0.5%, and the antineutrino flux uncertainties that are constrained
as described next.

The DAE�ALUS CP violation analysis follows three steps. First, the absolute normalization of
the flux from the near accelerator is measured using the >21,000 neutrino-electron scatters from that
source in the detector, for which the cross section is known to 1%. The relative flux normalization
between the sources is then determined using the comparative rates of charged current ⌫

e

-oxygen (or
⌫
e

-carbon) interactions in the the detector. Since this is a relative measurement, the cross section
uncertainty does not come in but the high statistics is important. Once the normalizations of the
accelerators are known, then the IBD data can be fit to extract the CP -violating parameter �

CP

.
The fit needs to include all the above systematic uncertainties along with the physics parameter
uncertainties associated with, for example, the knowledge of sin2 2✓

13

and sin2 ✓
23

, which are assumed
to be known with an error of ±0.005 and ±0.01, respectively.

DAE�ALUS must be paired with water or scintillator detectors that have free proton targets. The
original case was developed for a 300 kt Gd doped water detector at Homestake, in coordination
with LBNE [91]. Subsequently, DAE�ALUS was incorporated into a programa with the 50 kt LENA
detector [92] (called “DAE�ALUS@LENA”). This paper introduces a new study, where DAE�ALUS
is paired with the Gd-doped 560 kt Hyper-K [93] (“DAE�ALUS@Hyper-K”). This results in inprece-
dented sensitivity to CP violation when “DAE�ALUS@Hyper-K” data is combined with data from
Hyper-K running with the 750 kW JPARC beam. (“DAE�ALUS/JPARC@Hyper-K”). In this sce-
nario, JPARC provides a pure ⌫

µ

flux, rather than running in neutrino and antineutrino mode. This
plays to the strength of the JPARC conventional beam, while DAE�ALUS provides a high statistics ⌫̄

µ

flux with no ⌫
µ

contamination. A summary of the assumptions for the various configuration scenarios
is provided in Table 5.

CP violation sensitivities have been estimated for 10 year baseline data sets for all the configura-
tions given in Table 5 using a ��2 fit with pull parameters for each of the systematic uncertainties.
For the DAE�ALUS configurations, data from all three neutrino sources are included along with the
neutrino-electron and ⌫

e

-oxygen (or ⌫
e

-carbon) normalization samples. As an example, Table 6 and
Figure 14 presents a summary of the events by category for the DAE�ALUS@Hyper-K configuration.
The precision for measuring the �

CP

parameter in the DAE�ALUS@Hyper-K configuration is given in
Table 7 for sin2 2✓

13

= 0.10 [88], both for the total and statistical-only uncertainty. The distribution
of the uncertainty as a function of �

CP

is shown in Figure 15. From these estimates, it is clear that,
even with the large Hyper-K detector, the measurement is dominated by statistical uncertainty. Also

23
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Ion	  
source	   Injector	   Superconduc8ng	  

Ring	  Cyclotron	  
Target/	  
Dump	   x 3 sites	


Phase	  I	  	  

Tests	  of	  Versa8le	  Ion	  Source	  (VIS)*	  	  
at	  Best	  Cyclotrons,	  Inc.	  

A Phased Approach to DAEδALUS	


DAEδALUS 
Best Status Update! 8!

Bias Off!

*S.	  Gammino	  et	  al.,	  “Tests	  of	  the	  Versa8le	  Ion	  Source	  (VIS)	  for	  high	  
power	  proton	  beam	  produc8on”,	  ECRIS’10,	  Grenoble,	  France	  
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Solenoid ✏
rms

✏
normalized rms

↵
Twiss

�
Twiss

�
Twiss

226 A 33.69 0.38 1.46 0.43 7.29
238 A 25.47 0.29 �0.46 0.11 10.77
250 A 27.53 0.31 �1.79 0.35 11.93

Table 1: Emittance values for Each graph and Twiss parameters.

Another emittance measurement was taken with a higher Microwave power set
at 900W and solenoid current set at 269A, 293A, and 317A. This roughly converts
to 21V , 23V , and 25V respectively for the solenoid voltage. Valve was set to 35%,
60keV of kinetic energy, and FUG current 10mA.

Figure 4: Solenoid: 269A Microwave:
900W

Figure 5: Solenoid: 293A Microwave:
900W

4
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Isotope half-life Use
52Fe 8.3 h The parent of the PET isotope 52Mn

and iron tracer for red-blood-cell formation and brain uptake studies.
122Xe 20.1 h The parent of PET isotope 122I used to study brain blood-flow.
28Mg 21 h A tracer that can be used for bone studies, analogous to calcium
128Ba 2.43 d The parent of positron emitter 128Cs.

As a potassium analog, this is used for heart and blood-flow imaging.
97Ru 2.79 d A �-emitter used for spinal fluid and liver studies.
117mSn 13.6 d A �-emitter potentially useful for bone studies.
82Sr 25.4 d The parent of positron emitter 82Rb, a potassium analogue

This isotope is also directly used as a PET isotope for heart imaging.

Table 1: Medical isotopes relevant at IsoDAR energies, reprinted from Ref. [42].

are substantially higher than existing isotope machines. This could enable either significantly greater
yield on a single target, should the technology be developed to use all this beam power on a target
or by sharing the beam between many targets to increase the versatility of the isotope factory. As
H+

2

ions are extracted from the cyclotron via a conventional septum, a narrow stripper can be placed
over a portion of the beam to convert ions passing through the stripper into protons that can then be
cleanly separated from the body of the beam and transferred to a production target. The remaining
beam is transported to further stripping stations, each peeling of a small portion of the beam to deliver
to a di↵erent target. In this way the power limits on any given target will not be exceeded, and high
e�ciency for use of the whole beam maintained. Examples of the isotopes which can be produced,
and their applications, are shown in Table 1.

A second isotope application of the H+

2

cyclotron is that ions of the same charge-to-mass ratios can
also be accelerated. Specifically, He++ (alpha-particle) beams can be accelerated at currents limited
only by the availability of such He++ ion sources. There are many isotopes that have tremendous
application potential and are limited today only by the very restricted availability of suitable high-
current alpha beams. In fact, the first prototype cyclotron to be built for testing injection of the
high-current H+

2

beams, to be built at the LNS in Catania, Italy, is being designed to be used directly
following the H+

2

injection tests as a dedicated alpha-particle cyclotron for producing radiotheraputic
isotopes. One example will be 211At, which is in short supply for even long term clinical studies

The DAE�ALUS Superconducting Ring Cyclotron, in extending the performance of today’s record-
holding PSI by increasing energy from 590 to 800 MeV and a factor of five in current, becomes a
member of the GeV - 10 MW - class of machines. Many such machines have been designed and
proposed but cost has been an impediment to their realization. To date, only one such project has
progressed to the advanced R&D and construction phase: MYRRHA [62] to be sited in Mol, Belgium.
These projects all fall within the ADS (Accelerator-Driven Systems) category, such as nuclear waste
transmutation, driving of sub-critical thorium-based reactors, tritium production, and others.

Along with the physics possibilities previously described, the DAE�ALUS cyclotrons provide new
opportunities in this field by o↵ering beams at a substantially reduced cost over the linear accelerators
which until now have been viewed as the only viable technology to reach these levels of beam power
in the GeV energy range. With successful development of these cyclotrons, a substantial growth in
the ADS field can be anticipated, with the cost hurdle having been surpassed.

12
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Ion	  
source	   Injector	   Superconduc8ng	  

Ring	  Cyclotron	  
Target/	  
Dump	  

A Phased Approach to DAEδALUS	

Phase	  II	  	  

IsoDAR :	
*	  

A sterile neutrino experiment	

* PRL 109, 141802 (2012)	
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1 kton LS detector	


16.5 m	


Potential location: KamLAND	
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8Li à 8Be + e- + νe	


Accelerates	  5mA	  H2
+	  

to	  60	  MeV/amu	  

Not	  to	  scale	  

_	

Proton beam → Be → n →  captures on 7Li →  8Li →  νe	


Parameter Value
Run period 5 years (4.5 years live time)
⌫̄
e

flux 1.29 ⇥ 1023 ⌫̄
e

Fiducial mass 897 tons
Target face to detector center 16 m
Detection e�ciency 92%
Vertex resolutions 12 cm/

p
E(MeV )

Energy resolutions 6.4%/
p

E(MeV )
Prompt energy threshold 3 MeV
IBD event total 8.2 ⇥ 105

Table 2: The KamLAND detector parameters used in calculating the sterile neutrino search sensitivity.
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Figure 7: Example data sets for 5 years of running for 3+1 (left) and 3+2 (right) oscillation scenarios.

4.2 Precision electroweak tests of the Standard Model

In addition to the 8.2 ⇥ 105 IBD interactions, the IsoDAR neutrino source [72], when combined with
the KamLAND detector [73], can collect the largest sample of low-energy ⌫̄

e

-electron (ES) scatters
that has been observed to date. More than 7200 ES events will be collected above a 3 MeV visible
energy threshold over a 5 year run, and both the total rate and the visible energy can be measured.
This can be compared to the samples from the Irvine experiment (458 events from 1.5 to 3 MeV [74]);
TEXONO (414 events from 3 to 8 MeV [75]); Rovno (41 events from 0.6 to 2 MeV [76]); and MUNU
(68 events from 0.7 to 2 MeV [77]).

In the Standard Model, the ES di↵erential cross section is given by

d�

dT
=

2G2

F

m
e

⇡

"
g2
R

+ g2
L

✓
1 � T

E
⌫

◆
2

� g
R

g
L

m
e

T

E2

⌫

#
, (3)

where T 2
h
0, 2E

2
⌫

me+2E⌫

i
is electron recoil energy, E

⌫

is the energy of the incoming ⌫̄
e

, and the weak
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2

sues.
The beam can be extracted from the cyclotron in two

di↵erent ways: (1) direct extraction of H+
2 using an elec-

trostatic septum and (2) stripping extraction. Numerical
simulations based on Ref. [23] predict tolerable loss rates
in the case of direct extraction. The alternative approach
is extraction using a stripper foil similar to that which is
described in Ref. [24]. Both variants will be considered in
the detailed design of the machine. We currently assume
a stripper foil extraction, resulting in a proton beam of
60 MeV delivered at 10 mA.

The accelerator described is a continuous-wave source
with a 90% duty cycle to allow for machine maintenance.
In consideration of target cooling and degradation with
600 kW of beam power, we require a uniform beam dis-
tributed across most of the 20 cm diameter target with
a sharp cuto↵ at the edges. Third-order focussing ele-
ments in the extraction beam line are able to convert
the Gaussian-like beam distribution into a nearly uni-
form one [25] and hence create the necessary condition
on the target.

The 60 MeV proton beam impinges on a cylindrical
9Be target that is 20 cm in diameter and 20 cm long.
The primary purpose of this target is to provide a copi-
ous source of neutrons. Neutrons exiting the target are
moderated and multiplied by a surrounding 5 cm thick
region of D2O, which also provides target cooling. Sec-
ondary neutrons enter a 150 cm long, 200 cm outer di-
ameter cylindrical sleeve of solid lithium enveloping the
target and D2O layer. The target is embedded 40 cm
into the upstream face of this volume; a window allows
the beam to reach the target. The sleeve is composed of
isotopically enriched lithium, 99.99% 7Li compared to the
natural abundance of 92.4%. The isotopically pure mate-
rial is widely used in the nuclear industry and is available
from a number of sources. The isotope 8Li is formed by
thermal neutron capture on 7Li and to a lesser extent by
primary proton interactions in the 9Be target. For en-
hanced production, the sleeve is surrounded by a volume
of graphite and steel acting as a neutron reflector and
shield. The volume extends 2.9 m in the direction of the
detector. Isotope creation in the shielding is negligible.
Figure 1 displays the target and sleeve geometry and Ta-
ble I summarizes the experimental parameters. We note
that the geometry of the design is similar to that which
is described in Ref. [10].

We determine isotope production rates using a
GEANT4 simulation [26]. Due to its vast range of ap-
plications, GEANT4 provides an extensive set of data-
based, parametrized, and theory-driven hadronic mod-
els, each one specializing in di↵erent types of interactions
within a specified range of energy. The QGSP-BIC-HP
physics package was chosen for this particular applica-
tion. The applicable physics model is the pre-compound
nuclear one which is invoked by the Binary Cascade sim-
ulation. Simulated hadronic processes include elastic
scattering, inelastic scattering, neutron capture, neutron
fission, lepton-nuclear interactions, capture-at-rest, and

7Li (99.99%)
sleeve

9Be target
surrounded 

by D2O 

Proton beam

FIG. 1: A schematic of the IsoDAR target and surrounding
volumes. The dots represent 8Li (⌫e) creation points, ob-
tained with 105 60 MeV protons on target simulated. The
neutron reflector, shielding, and detector are not shown.

Accelerator 60 MeV/amu of H+
2

Current 10 mA of protons on target
Power 600 kW

Duty cycle 90%
Run period 5 years (4.5 years live time)

Target 9Be surrounded by 7Li (99.99%)
⌫ source 8Li � decay (hE⌫i=6.4 MeV)

⌫e/1000 protons 14.6
⌫e flux 1.29⇥1023 ⌫e

Detector KamLAND
Fiducial mass 897 tons

Target face to detector center 16 m
Detection e�ciency 92%

Vertex resolution 12 cm/
p

E (MeV)

Energy resolution 6.4%/
p

E (MeV)
Prompt energy threshold 3 MeV

IBD event total 8.2⇥105

⌫e-electron event total 7200

TABLE I: The relevant experimental parameters used in this
study.

charge exchange. For neutron energies below 20 MeV,
the high-precision package uses the ENDF/B-VII data
library [27].
Although all isotopes are considered in this analysis,

the induced 8Li source in the sleeve dominates the an-
tineutrino flux. The simulation yields 14.6 8Li isotopes
for every 1000 protons (60 MeV) on target. Approxi-
mately 10% of all 8Li is produced inside the target; the
rest is produced in the sleeve. Neutrinos and antineu-
trinos from other unstable isotopes are produced at a
comparatively negligible rate. Over a five year run pe-
riod and with a 90% duty cycle, 1.29⇥1023 antineutri-
nos from 8Li are created. IsoDAR’s nominal oscillation
analysis is done in terms of “shape-only” in L/E and is
therefore independent of the absolute flux normalization.
However, a “rate+shape” analysis using an absolute flux
normalization uncertainty of 5% is also considered in this
study.

νe	
 e+	


p	
 n	


820,000    IBD events	

Ø  Sterile neutrino search	


    	
7,200	  	  	  	  νe-‐electron	  events	  
Ø  Measure	  sin2θW	  to	  3.2%	  
Ø  Probe	  weak	  couplings	  and	  

nonstandard	  interac8ons	  (NSIs)	  

W

Inverse	  β	  Decay	  (IBD)	  
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IsoDAR νe Disappearance Oscillation Sensitivity (3+1)

5 yrs

νe →νe

5σ

Outstanding sensitivity to sterile neutrinos 
à la the reactor neutrino anomaly…	


(5 years of running)	


95%	  C.L	  

In	  fact,	  global	  fit	  can	  be	  ruled	  out	  at	  >	  5σ	  in	  
4	  months	  of	  running!	  

0	  

0.01	  

0.02	  

0.03	  

0.04	  

0.05	  

0.06	  

0.07	  

0	   1	   2	   3	   4	   5	  5σ
	  S
en

si
1v

ity
	  to

	  si
n2
2θ

ne
w
	  	  

Running	  Time	  [years]	  

IsoDAR	  5σ	  Sensi1vity	  @	  Δm2	  =	  1	  eV2	  

0.3	  

M.	  Toups,	  MIT	  -‐-‐	  TAUP	  2013	   22	  



M. Toups, MIT -- TAUP 2013	
 23	


IsoDAR can also discriminate between 
	
different sterile neutrino models!	


(5 years of running)	


3+1	   3+2	   	  
PRL	  107,	  091801(2011)	  



Precision ⌫̄e�-electron Scattering Measurements with IsoDAR to Search for New

Physics
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IsoDAR provides a pure and intense ⌫̄e source with an endpoint of 13 MeV produced through 8Li
�-decay. This source can be paired with a large scintillator detector, such as KamLAND, to produce
a sample of ⌫̄e-electron scatters that is more than five times larger than what has been collected
before. Such a sample allows for sensitive new physics searches arising from possible deviations in
Standard Model couplings.

PACS numbers:

I. INTRODUCTION

A large sample of antineutrino-electron scattering (ES)
events (⌫̄

e

+ e� ! ⌫̄
e

+ e�) allows for sensitive searches
for Beyond Standard Model physics. In the Standard
Model, the ES cross section depends only on kinematic
terms and the weak couplings, g

R

and g
L

, or, equiva-
lently, sin2 ✓

W

. Currently, sin2 ✓
W

is well known from
measurements outside of the neutrino sector [1], and the
ab initio prediction for this two-lepton scattering pro-
cess is therefore very precise. However, a rich variety
of new physics in the neutrino sector can a↵ect the ES
cross section. Such physics can include heavy partners
which mix with the light neutrinos, new Z 0s that cou-
ple only to neutrinos, and the existence of a neutrino
magnetic moment [2]. In this paper, we study the ef-
fect of nonstandard interactions (NSIs) on the ES cross
section. NSIs are introduced into the theory via an e↵ec-
tive 4-fermion term in the Lagrangian [3] and can induce
corrections to the Standard Model couplings, g

R

and g
L

.
For example, NSI terms can allow an incoming electron
flavor antineutrino to instantaneously convert to some
other flavor. An observed deviation from the Standard
Model expectation, indicative of new physics, could dra-
matically change our evolving understanding of neutrino
properties and interactions.

In this paper, we propose a precision study using the
new electron antineutrino source, IsoDAR [4] which is
being developed as part of the DAE�ALUS program [5].
In probing new physics via the ES channel, we consider
the following figures of merit when reporting our results:
(1) achievable sin2 ✓

W

measurement precision; (2) achiev-
able g

R

and g
L

measurement precision; and (3) sensi-
tivity to the NSI parameters specifically. While these
three physics goals can be considered related (at best)
and redundant (at worst), we find that it is useful and
instructive to frame this future measurement in terms of
each individually while relying mainly on sin2 ✓

W

mea-
surement precision as a representative figure of merit.

II. THE ISODAR SOURCE

The IsoDAR neutrino source [4], when combined with
the KamLAND detector [6], can collect more than
2400 ES events in a five year run. This estimate is smaller
than that reported in Ref. [4] as a number of analy-
sis cuts have been introduced. Such a collection of ES
events would be the largest to date and can be compared
to the samples from the Irvine experiment (458 events
from 1.5 to 3 MeV [7]); TEXONO (414 events from 3 to
8 MeV [8]); Rovno (41 events from 0.6 to 2 MeV [9]);
and MUNU (68 events from 0.7 to 2 MeV [10]).
IsoDAR [4] is a cyclotron that will accelerate protons to

60 MeV. The protons impinge on a 9Be target to produce
an abundant source of neutrons. The neutrons subse-
quently enter a surrounding 99.99% isotopically pure 7Li
sleeve, where neutron capture results in the creation of
8Li. This unstable isotope undergoes � decay to produce
an isotropic ⌫̄

e

flux with an average energy of ⇠6.5 MeV
and an endpoint of ⇠13 MeV. The ⌫̄

e

interact in the scin-
tillator detector via ES and inverse beta decay (IBD),
⌫̄
e

+ p ! e+ + n. Along with being the signal channel
for the sterile neutrino search described in Ref. [4], the
latter interaction is important for an ES measurement
as it provides a method to constrain the normalization
of the flux, as described in Ref. [11]. We note, however,
that the misidentification of IBD events as ⌫̄

e

events rep-
resents a significant source of background. The IsoDAR
parameters are shown in Table I.

III. ⌫̄e-ELECTRON ELASTIC SCATTERING

The neutral current and charged current both con-
tribute to the ES cross section. The ES Standard Model
di↵erential cross section is given by:

d�

dT
=

2G2

F

m
e

⇡

⇥
g2
R

+ g2
L

(1� T

E
⌫

)2 � g
R

g
L

m
e

T

E2

⌫

⇤
, (1)

where E
⌫

is the incident ⌫
e

energy, T is the electron recoil
kinetic energy, G

F

is the Fermi coupling constant, and

+	  Z	  

e-‐	   e-‐	  

⌫̄e ⌫̄e

W	  

e-‐	   e-‐	  

⌫̄e ⌫̄e

Precision	  νee	  Electroweak	  Measurements	  	  

6

Bkg factor � sin2 ✓W
� sin

2 ✓W
sin

2 ✓W
� sin2 ✓stat-onlyW

Rate +Shape 1.0 0.0076 3.2% 0.0057
Shape Only 1.0 0.0543 22.8% 0.0395
Rate Only 1.0 0.0077 3.2% 0.0058

Rate +Shape 0.5 0.0059 2.5% 0.0048
Rate +Shape 0.0 0.0040 1.7% 0.0037

TABLE V: Estimated sin2 ✓W measurement sensitivity for
various types of fits to the E

vis

distribution. The second col-
umn indicates the background reduction factor.
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FIG. 2: IsoDAR’s sensitivity to gV and gA along with allowed
regions from other neutrino scattering experiments and the
electroweak global best fit point taken from Ref. [37]. The
IsoDAR, LSND, and TEXONO contours are all at 1� and are
all plotted in terms of g

⌫µe
V,A = g⌫eeV,A � 1 to compare with ⌫µ

scattering data. The ⌫µe/⌫̄µe contour is at 90% C.L.

cuts from 5 m to 6 m yields similar sin2 ✓
W

measurement
sensitivity since the increase in backgrounds at higher
radii counteracts the increased fiducial volume. To mini-
mize the sensitivity to these backgrounds, a radial cut
of 5 m was chosen. The di↵erential cross section for
antineutrino-electron scattering peaks towards low out-
going electron energy due to the energy carried away by
the outgoing antineutrino. Thus, a low E

vis

cut will give
the best sin2 ✓

W

measurement sensitivity. In order to
avoid the many large backgrounds sources at low energy,
a E

vis

> 3 MeV analysis cut is used.
With the cuts previously described and with the as-

sumptions listed in Table I, the total numbers of elastic
scattering and background events are given in Table III.
Fits to the E

vis

distribution of the event sum, using the
�2 function given in Eq. 5, yields the results shown in Ta-
ble V. The results are given for a combined fit of the rate
and E

vis

shape along with each separately. From these
results, it is clear that this measurement is mainly depen-
dent on the sensitivity of the rate to changes in sin2 ✓

W

and is dominated by statistical uncertainty. The slope,
d sin2 ✓

W

/dN = 7.4⇥10�5, when combined with the total
event rate of 6158.8 implies a statistical uncertainty on
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FIG. 3: (Top) IsoDAR’s sensitivity to ✏eLee and ✏eRee . The cur-
rent global allowed region, based on Ref.[38] is also shown.
(Bottom) A zoomed-in version of the top plot, emphasizing
the region near ✏eLee and ✏eRee ⇠ 0 is shown.

sin2 ✓
W

of 0.0058. Backgrounds could be reduced further
using more advanced analysis techniques. For example,
if the directionality of the incoming antineutrino could
be reconstructed[36], the ES events could be e↵ectively
separated from isotropic backgrounds. Results are also
shown for the case where the background is reduced by
50% or eliminated.

In addition we can treat Eq. 5 as a function of g
V

and
g
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and perform a two-parameter fit. The 1� contour for
this fit is shown overlaid on data from other neutrino
electron scattering experiments in Fig. 2. The charge
current contribution has been removed from the ⌫
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e and
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e scattering data by plotting the contours in terms of
g
⌫µe
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= g⌫ee

V,A

�1 in order to more easily compare with ⌫
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and ⌫̄
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e scattering data. IsoDAR significantly constrains
the global allowed region for the weak couplings derived
from ⌫

e

e and ⌫̄
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e scattering data and can test their con-
sistency with the weak couplings derived from ⌫
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scattering.

Finally, using the assumptions listed in Table I as well
as the background and systematics previously described,
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I. INTRODUCTION

A large sample of antineutrino-electron scattering (ES)
events (⌫̄

e

+ e� ! ⌫̄
e

+ e�) allows for sensitive searches
for Beyond Standard Model physics. In the Standard
Model, the ES cross section depends only on kinematic
terms and the weak couplings, g

V

and g
A

, or, equiva-
lently, sin2 ✓

W

. There are no complications arising from
strong interaction as in neutrino-quark scattering, be-
cause ES is purely leptonic. Currently, sin2 ✓

W

is well
known from measurements outside of the neutrino sec-
tor [1], and the ab initio prediction for this two-lepton
scattering process is therefore very precise. However, a
rich variety of new physics in the neutrino sector can af-
fect the ES cross section. Such physics can include heavy
partners which mix with the light neutrinos or new Z 0s
that couple only to neutrinos [2].

In this paper, we outline a precision study using the
proposed electron antineutrino source, IsoDAR [3] which
is being developed as part of the DAE�ALUS program [4].
The high event rate provided by this low energy source
leads to the possibility of precision measurements of the
couplings (g

V

and g
A

) and sin2 ✓
W

. Along with these
analyses, we explore IsoDAR’s sensitivity to nonstandard
interactions (NSIs)–new physics introduced into the the-
ory via an e↵ective 4-fermion term in the Lagrangian [5].
NSIs induce corrections to the Standard Model couplings,
g
V

and g
A

. An observed deviation from the Standard
Model expectation, indicative of new physics, could dra-
matically change our evolving understanding of neutrino
properties and interactions.

⇤Corresponding author. Matt Toups, E-mail address:
mtoups@mit.edu, postal address: Fermilab, MS309, POBox
500, Batavia, IL, 60510, USA, phone number: +1-630-840-4759,
fax number: +1-630-840-6520

II. THE ISODAR SOURCE

The IsoDAR antineutrino source [3], when combined
with the KamLAND detector [6], can collect more than
2400 ES events in a five year run. This estimate is smaller
than that reported in Ref. [3] as a number of analysis
cuts have been introduced. Such a collection of ⌫̄

e

ES
events would be the largest to date and can be compared
to the samples from the Irvine experiment (458 events
from 1.5 to 3 MeV [7]); TEXONO (414 events from 3 to
8 MeV [8]); Rovno (41 events from 0.6 to 2 MeV [9]);
and MUNU (68 events from 0.7 to 2 MeV [10]).
IsoDAR [3] is a cyclotron that will accelerate protons to

60 MeV. The protons impinge on a 9Be target to produce
an abundant source of neutrons. The neutrons subse-
quently enter a surrounding 99.99% isotopically pure 7Li
sleeve, where neutron capture results in the creation of
8Li. This unstable isotope undergoes � decay to produce
an isotropic ⌫̄

e

flux with an average energy of ⇠6.5 MeV
and an endpoint of ⇠13 MeV. The ⌫̄

e

interact in the scin-
tillator detector via ES and inverse beta decay (IBD),
⌫̄
e

+p ! e++n. Along with being the signal channel for
the sterile neutrino search described in Ref. [3], the lat-
ter interaction is important for an ES measurement as it
provides a method to constrain the normalization of the
flux, as described in Ref. [11]. We note, however, that the
misidentification of IBD events as ⌫̄

e

events represents a
significant source of background. The key experimental
parameters are summarized in Table I.

III. ⌫̄e-ELECTRON ELASTIC SCATTERING

The neutral current and charged current both con-
tribute to the ES cross section. The ES Standard Model
di↵erential cross section is given by:
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), E
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is the
incident ⌫
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energy, T is the electron recoil kinetic energy,
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Rate +Shape 1.0 0.0076 3.2% 0.0057
Shape Only 1.0 0.0543 22.8% 0.0395
Rate Only 1.0 0.0077 3.2% 0.0058

Rate +Shape 0.5 0.0059 2.5% 0.0048
Rate +Shape 0.0 0.0040 1.7% 0.0037

TABLE V: Estimated sin2 ✓W measurement sensitivity for
various types of fits to the E

vis

distribution. The second col-
umn indicates the background reduction factor.
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FIG. 2: IsoDAR’s sensitivity to gV and gA along with allowed
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electroweak global best fit point taken from Ref. [37]. The
IsoDAR, LSND, and TEXONO contours are all at 1� and are
all plotted in terms of g
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V,A = g⌫eeV,A � 1 to compare with ⌫µ

scattering data. The ⌫µe/⌫̄µe contour is at 90% C.L.

cuts from 5 m to 6 m yields similar sin2 ✓
W

measurement
sensitivity since the increase in backgrounds at higher
radii counteracts the increased fiducial volume. To mini-
mize the sensitivity to these backgrounds, a radial cut
of 5 m was chosen. The di↵erential cross section for
antineutrino-electron scattering peaks towards low out-
going electron energy due to the energy carried away by
the outgoing antineutrino. Thus, a low E

vis

cut will give
the best sin2 ✓

W

measurement sensitivity. In order to
avoid the many large backgrounds sources at low energy,
a E

vis

> 3 MeV analysis cut is used.
With the cuts previously described and with the as-

sumptions listed in Table I, the total numbers of elastic
scattering and background events are given in Table III.
Fits to the E

vis

distribution of the event sum, using the
�2 function given in Eq. 5, yields the results shown in Ta-
ble V. The results are given for a combined fit of the rate
and E

vis

shape along with each separately. From these
results, it is clear that this measurement is mainly depen-
dent on the sensitivity of the rate to changes in sin2 ✓

W

and is dominated by statistical uncertainty. The slope,
d sin2 ✓

W

/dN = 7.4⇥10�5, when combined with the total
event rate of 6158.8 implies a statistical uncertainty on
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FIG. 3: (Top) IsoDAR’s sensitivity to ✏eLee and ✏eRee . The cur-
rent global allowed region, based on Ref.[38] is also shown.
(Bottom) A zoomed-in version of the top plot, emphasizing
the region near ✏eLee and ✏eRee ⇠ 0 is shown.
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of 0.0058. Backgrounds could be reduced further
using more advanced analysis techniques. For example,
if the directionality of the incoming antineutrino could
be reconstructed[36], the ES events could be e↵ectively
separated from isotropic backgrounds. Results are also
shown for the case where the background is reduced by
50% or eliminated.

In addition we can treat Eq. 5 as a function of g
V

and
g
A

and perform a two-parameter fit. The 1� contour for
this fit is shown overlaid on data from other neutrino
electron scattering experiments in Fig. 2. The charge
current contribution has been removed from the ⌫
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e and
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e scattering data by plotting the contours in terms of
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the global allowed region for the weak couplings derived
from ⌫
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e scattering data and can test their con-
sistency with the weak couplings derived from ⌫
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scattering.

Finally, using the assumptions listed in Table I as well
as the background and systematics previously described,
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of 0.0058. Backgrounds could be reduced further
using more advanced analysis techniques. For example,
if the directionality of the incoming antineutrino could
be reconstructed[36], the ES events could be e↵ectively
separated from isotropic backgrounds. Results are also
shown for the case where the background is reduced by
50% or eliminated.

In addition we can treat Eq. 5 as a function of g
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Finally, using the assumptions listed in Table I as well
as the background and systematics previously described,

2

Accelerator 60 MeV/amu of H+

2

Power 600 kW
Duty cycle 90%
Run period 5 yrs (4.5 yrs live)

Target, sleeve 9Be, 7Li (99.99%)
⌫e source 8Li � decay
⌫e hE⌫i 6.4 MeV
⌫e flux 1.29⇥1023 ⌫e

Detector KamLAND
Fiducial mass 897 tons

Target face to detector center 16.1 m

TABLE I: The IsoDAR experiment’s main characteristics, as
presented in Ref. [3]

.

G
F

is the Fermi coupling constant, and m
e

is the mass
of the electron. The coupling constants at tree level can
be expressed as:

g
L

=
1

2
+ sin2 ✓

W

, g
R

= sin2 ✓
W

. (2)

Therefore, allowed ranges for g
V

and g
A

as well as sin2 ✓
W

can be extracted from a measurement of the di↵erential
ES cross section.

On the other hand, the weak mixing parameter,
sin2 ✓

W

, is related to G
F

, M
Z

and ↵ by sin2 2✓
W

=
(4⇡↵)/(

p
2G

F

M2

Z

). Precision measurements at collid-
ers [12] and from muon decay [13] therefore lead to an
absolute prediction for the ES cross section at tree level.
Thus, given a precise prediction for the ES process, we
can look for beyond Standard Model physics e↵ects that
can cause a deviation from expectation in the measured
cross section.

NSI terms modify the cross section for ES through ap-
parent changes to the measured couplings in the following
way:
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where g̃
R

= g
R

+ ✏eR
ee

and g̃
L

= g
L

+ ✏eL
ee

. The corre-
sponding cross section for neutrinos can be obtained by
interchanging g̃

L

with g̃
R

in Eq. 3. The NSI parame-
ters are ✏eLR

eµ

and ✏eLR

e⌧

, which are associated with flavor-
changing-neutral currents, and ✏eLR

ee

, which are called
non-universal parameters. As the former are well con-
strained for muon flavor [14] and lepton flavor violating
processes are strongly limited in general, we neglect these
when considering IsoDAR’s sensitivity to NSI. That is,
we focus on the two relevant non-universal parameters
✏eLR

ee

and set the four others to zero. This is also a mat-
ter of simplicity and convenience, given the complications

that can arise when making assumptions about multiple
terms that have the potential to cancel each other. We
note that given some set of assumptions, sensitivity to
the poorly constrained parameters ✏eL

e⌧

and ✏eR
e⌧

is also
available.
A precision measurement of the ES cross section re-

quires an experiment which has excellent reconstruction
capabilities, a precise understanding of the flux normal-
ization, reasonably low backgrounds that are well con-
strained by direct measurement, and substantial statis-
tics. The approach described here follows the proposed
analysis of Ref. [11], which examined an ES cross sec-
tion measurement at a reactor-based antineutrino source.
The IsoDAR analysis has a considerable advantage over
reactor-based measurements because the 8Li-induced flux
peaks well above 3 MeV, where environmental back-
grounds are substantially decreased. Furthermore, beam-
o↵ periods, which can be rare for commercial reactor
sources, allow a determination of non-beam-related back-
grounds in the case of IsoDAR.

IV. SIGNAL AND BACKGROUND

Antineutrino-electron scattering events are simply
characterized by the outgoing electron’s energy in
scintillation-based detectors. However, directly evalu-
ating Eq. 1 requires the reconstruction of both T and
E

⌫

. The electron recoil kinetic energy, T , is equivalent to
the visible energy in the KamLAND detector, E

vis

. Un-
fortunately, E

⌫

cannot be reconstructed in KamLAND
because the exiting antineutrino carries away an unde-
tectable amount of energy and the outgoing electron’s
angle cannot be resolved. As a result, our analysis strat-
egy is to consider events in bins of E

vis

, and to integrate
over all E

⌫

values that can contribute to these popula-
tions.
The uncertainty on the ES prediction is dominated

by the normalization uncertainty on the antineutrino
flux from the IsoDAR source. Following the method of
Ref. [11], this normalization will be determined from the
observed IBD events that can be well isolated using the
delayed coincidence of the prompt positron signal and
delayed 2.2 MeV neutron capture signal. The precision
of this method is limited by the 0.7% uncertainty on the
KamLAND IBD e�ciency [6], which dominates over the
0.2% IBD cross section error and the 0.1% statistical er-
ror, given the nominal 5 year IsoDAR run expected.
A series of cuts are applied to mitigate ES back-

grounds. To reduce backgrounds from the decay of light
isotopes produced by cosmic muon spallation in the de-
tector, we employ the KamLAND muon veto cuts from
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is applied throughout the detector (�T
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Many	  exci8ng	  possibili8es	  for	  a	  near	  accelerator	  physics	  program:	  

• 	  Short-‐baseline	  neutrino	  oscilla8on	  waves	  in	  ultra-‐large	  liquid	  scin8llator	  detectors	  
	  Agarwalla,	  S.	  et.	  al.	  JHEP	  12	  (2011),	  85	  

• 	  Coherent	  neutrino	  sca{ering	  in	  dark	  ma{er	  detectors	  
	  Anderson	  A.,	  et.	  al.	  Phys.	  Rev.	  D	  84,	  013008	  (2011)	  

• 	  Ac8ve-‐to-‐sterile	  neutrino	  oscilla8ons	  with	  neutral	  current	  coherent	  neutrino	  sca{ering	  
	  Anderson,	  A.	  et.	  al.	  Phys.	  Rev.	  D	  86,	  013004	  (2012)	  

• 	  Measurement	  of	  the	  weak	  mixing	  angle	  with	  neutrino-‐electron	  sca{ering	  at	  low	  energy	  
	  Agarwalla,	  S.	  and	  P.	  Huber	  JHEP	  8	  (2011),	  59	  
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DAEδALUS 
Conclusions	


Has superb sensitivity to δCP extending down 5°	

	

Is a phased program with strong physics along the way	

	
(especially the IsoDAR sterile neutrino search!)	


	

Being brought to you by an international collaboration	

	
of accelerator and particle physicists,	

	
with input from Industry	


	




Backup	  



M.	  Toups,	  MIT	  -‐-‐	  TAUP	  2013	   30	  

Constrains	

Initial flux	


You need to know which	

One is providing the beam.	

So they have to turn on/off.	

	

The duty factor is flexible,	

But beam-off time is needed.	


1.5 km 
Accelerator 

8 km 
Accelerators 

20 km 
Accelerators 

1 ms 1 ms 1 ms 
4 ms 4 ms 

Beam Off Beam Off 

Near 
Neutrino ���
Source	


Mid-distance 
Neutrino ���
Source	


Far Neutrino ���
Source	


Osc. maximum	

Constrains rise	

of oscillation���
probability 	


1 ms 1 ms 1 ms 4 ms 4 ms 

1 ms 1 ms 1 ms 4 ms 4 ms 



 (MeV)νE
0 10 20 30 40 500

200

400

600

800

1000

 (MeV)νE
0 10 20 30 40 500

200

400

600

800

1000

DAEdALUS@HyperK 1.5km Data

 bkgndeνInstrinsic 
Beam off bkgnd

o=0CPδ
o=45CPδ
o=-45CPδ

 (MeV)νE
0 10 20 30 40 500

200

400

600

800

1000

1200

 (MeV)νE
0 10 20 30 40 500

200

400

600

800

1000

1200

DAEdALUS@HyperK 8km Data

 bkgndeνInstrinsic 
Beam off bkgnd

o=0CPδ
o=45CPδ
o=-45CPδ

 (MeV)νE
0 10 20 30 40 500

200

400

600

800

1000

1200

1400

1600

 (MeV)νE
0 10 20 30 40 500

200

400

600

800

1000

1200

1400

1600

DAEdALUS@HyperK 20km Data

 bkgndeνInstrinsic 
Beam off bkgnd

o=0CPδ
o=45CPδ
o=-45CPδ

Figure 14: The event energy distributions for signal and background of the DAE�ALUS@Hyper-K
running scenario with sin2 2✓

13

= 0.10.. Black, green and violet histograms show signals for �
cp

= 0,
45� and -45�. The blue histogram shows the intrinsic ⌫̄

e

beam-on background. The red histogram shows
the beam-o↵ backgrounds. Top row: events from the near (1.5 km) and middle (8 km) accelerators.
Bottom row: events from the far (20 km) accelerator.

violation with uncertainties estimated to be around 5�. For this discussion we make the same assump-
tions are were used for Table 6: a 560 kton Gd-doped water detector, sin2 2✓

13

= 0.1, and ✓
23

= 49�

[88].
The power of the combined run is shown in Figure 15. The top plot shows the expectation for

the two experiments individually. Nominal JPARC@Hyper-K running assumes three years of running
in neutrino mode. This data set would yield the uncertainty indicates by the green diamonds. This
would be followed by seven years of running in antineutrino mode. This data set, alone, results in the
curve indicated by the green ⇥ symbols. One clearly sees that the strength of JPARC@Hyper-K is
in neutrino running, as one would expect from a conventional neutrino beam. Combining these two
data sets gives the green solid curve with triangles. DAE�ALUS@Hyper-K alone, with a 10 year run,
results in the solid red curve. One can see that DAE�ALUS@Hyper-K has a similar shape to the
JPARC@Hyper-K antineutrino running, where the di↵erences come from the additional purity of the
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tions are were used for Table 6: a 560 kton Gd-doped water detector, sin2 2✓

13

= 0.1, and ✓
23

= 49�

[88].
The power of the combined run is shown in Figure 15. The top plot shows the expectation for

the two experiments individually. Nominal JPARC@Hyper-K running assumes three years of running
in neutrino mode. This data set would yield the uncertainty indicates by the green diamonds. This
would be followed by seven years of running in antineutrino mode. This data set, alone, results in the
curve indicated by the green ⇥ symbols. One clearly sees that the strength of JPARC@Hyper-K is
in neutrino running, as one would expect from a conventional neutrino beam. Combining these two
data sets gives the green solid curve with triangles. DAE�ALUS@Hyper-K alone, with a 10 year run,
results in the solid red curve. One can see that DAE�ALUS@Hyper-K has a similar shape to the
JPARC@Hyper-K antineutrino running, where the di↵erences come from the additional purity of the
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Figure 14: The event energy distributions for signal and background of the DAE�ALUS@Hyper-K
running scenario with sin2 2✓
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tions are were used for Table 6: a 560 kton Gd-doped water detector, sin2 2✓
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The power of the combined run is shown in Figure 15. The top plot shows the expectation for

the two experiments individually. Nominal JPARC@Hyper-K running assumes three years of running
in neutrino mode. This data set would yield the uncertainty indicates by the green diamonds. This
would be followed by seven years of running in antineutrino mode. This data set, alone, results in the
curve indicated by the green ⇥ symbols. One clearly sees that the strength of JPARC@Hyper-K is
in neutrino running, as one would expect from a conventional neutrino beam. Combining these two
data sets gives the green solid curve with triangles. DAE�ALUS@Hyper-K alone, with a 10 year run,
results in the solid red curve. One can see that DAE�ALUS@Hyper-K has a similar shape to the
JPARC@Hyper-K antineutrino running, where the di↵erences come from the additional purity of the
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shown in the table are estimates of the measurement uncertainties for the proposed Hyper-K [93] and
LBNE [94] experiments for ten year runs with the proposed upgraded beam intensities (0.75 MW for
HyperK and an average 0.85 MW for LBNE). Depending on the true value, DAE�ALUS has compa-
rable sensitivity for measuring �

CP

but has very di↵erent systematic uncertainties. Thus, DAE�ALUS
could provide key information that can be used in conjunction with the other experiments to reduce
the global measurement uncertainty.

Event Type 1.5 km 8 km 20 km
IBD Oscillation Events (E

vis

> 20 MeV)
�
CP

= 00, Normal Hierarchy 2660 4456 4417
” , Inverted Hierarchy 1838 3268 4338

�
CP

= 900, Normal Hierarchy 2301 4322 5506
” , Inverted Hierarchy 2301 4328 5556

�
CP

= 1800, Normal Hierarchy 1838 3263 4295
” , Inverted Hierarchy 2660 4462 4460

�
CP

= 2700, Normal Hierarchy 2197 3397 3206
” , Inverted Hierarchy 2197 3402 3242

IBD from Intrinsic ⌫
e

(E
vis

> 20 MeV) 1119 79 31
IBD Non-Beam (E

vis

> 20 MeV)
atmospheric ⌫

µ

p “invisible muons” 505 505 505
atmospheric IBD 103 103 103

di↵use SN neutrinos 43 43 43
⌫�e Elastic (E

vis

> 10 MeV) 40025 2813 1123
⌫
e

�oxygen (E
vis

> 20 MeV) 188939 13281 5305

Table 6: Event samples for the DAE�ALUS@Hyper-K running scenario for a 10 year run with
sin2 2✓

13

= 0.1 [88].

�
CP

–180� –90� 0� 90� 135�

DAE�ALUS@Hyper-K 9.2 12.9 10.8 18.1 16.9
Stat - only (8.8) (11.5) (10.5) (15.8) (16.2)

JPARC@Hyper-K 7.8 15.2 7.8 15.0 9.1
LBNE 10.4 18.5 10.4 15.9 11.4

Table 7: DAE�ALUS@Hyper-K 1� measurement uncertainty (in degrees) on �
CP

for sin2 ✓
13

= 0.10
assuming the baseline 10 year data sample with a 560 kton Gd-doped water detector. (Statistical only
errors are shown in parentheses.) Also shown is an estimate for the JPARC@Hyper-K sensitivity for
a 560 kton water detector run for 7.5 MWyrs (3 years ⌫ and 7 years ⌫̄) assuming 5% systematic errors
and the LBNE experiment with a 35 kton liquid argon detector run for 8.5 MWyrs (5 years ⌫ and
5 years ⌫̄).

The DAE�ALUS high-statistics antineutrino data can be combined with a neutrino-only long base-
line measurement to provide improved sensitivity for measuring �

CP

. One possibility is a ten year
neutrino-only run of the JPARC@Hyper-K configuration combined with a ten year DAE�ALUS@Hyper-
K exposure. The complementarity of the two experiments allows for a very precise search for CP

24

arXiv:1307.6465	  



0

5

10

15

20

25

30

35

-180 -135 -90 -45 0 45 90 135 180

!CP (degrees)

1
"
 !

 M
ea

su
re

m
en

t U
nc

er
ta

in
ty

 (d
eg

re
es

)

DAEdALUS@Hyper-K
JPARC@Hyper-K
JPARC@Hyper-K (nu-only) 3yrs
JPARC@Hyper-K (nubar-only) 7yrs

0

5

10

15

20

25

30

-180 -135 -90 -45 0 45 90 135 180

!CP (degrees)

1
"
 !

 M
ea

su
re

m
en

t U
nc

er
ta

in
ty

 (d
eg

re
es

)

DAEdALUS@Hyper-K

JPARC@Hyper-K (nu-only) 10yrs

DAEdALUS/JPARC(nu-only)@Hyper-K
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Our proposed 800 MeV super-conducting ring cyclotron is 
very similar to the existing Riken, Japan, cyclotron:	


Our first engineering design from MIT-PFSC 
Technology and Engineering Division:	


M.	  Toups,	  MIT	  -‐-‐	  TAUP	  2013	  

Winner	  of	  the	  2013	  IEEE	  Council	  on	  Superconduc8vity	  Award!	  
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Design work	

By A. Calanna	
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Figure 19: The radial (blue lines) and axial (red line) envelopes for the proton beam with zero energy spread vs. distance
from the stripper position along the extraction trajectory are shown. The black line indicates the radial beam envelope for an
energy spread of ± 1%. The position of the steering magnet channel (MC) is indicated as black boxes.

5.4.2. Foil temperature & lifetimes

The foil lifetime is highly dependent on the average and instantaneous power deposition from the beam,
and on the trajectory of electrons stripped from the primary ions. Furthermore, the pulse structure can have
a substantial impact on the peak foil temperature, as radiative cooling time constants play an important
role. Ultimately, the peak temperature in the foil determines its lifetime, and temperatures above 2500
K lead to rapid failures due to sublimation. Generally, the lifetime is inversely proportional to the beam
intensity, given that the foil temperature is low. In fact, foil lifetimes are a↵ected by thermionic emission as
well, which becomes appreciable at temperatures even below 2000 K (where graphitization starts); hence,
controlling peak temperatures is of great importance.

Instantaneous power is assumed to be a factor of 5 over average power operating at a duty factor of
approximately 20%. The foil temperature ✓

foil

was calculated by integration of the following equation:

d✓

dt
=

1

⌧⇢c
⇥ (! � 2�✏✓4),

✓
foil

= ✓ + ✓
circ

where all the variables and constants are defined in Table 6. The average power density during beam on can
be estimated to be about 1 W/mm2, assuming that beam profile is uniform; however, a ! of 3 W/mm2 was
used from the beam profile at the extraction foil (Fig. 22). The left graph in Fig. 20 shows a temperature
evolution in the cases of pulse widths of 0.01 ms and 1 ms. In the case of 0.01 ms, the temperature is
determined by the average beam power. In the case of 10 ms, we observe large temperature fluctuations
with a peak temperature at 2500 K. The right graph in Fig. 20 shows the foil maximum temperature as a

22

Figure 18: Injection and extraction scheme of the DSRC. The extraction trajectory for the proton beam with an energy of
800 MeV and the injection trajectory of H+

2 with an energy of 60 MeV/amu are shown as yellow trajectories. The stripper is
placed at an angular position of 215�. The magnetic channels along the injection trajectory and the extraction trajectory are
indicated.

5.4. Stripper foil considerations

At the outer radius of the DSRC, H+
2 ions are dissociated into two protons by a carbon stripping

foil and are led into the extraction channel that snakes through the central region of the DSRC. Various
considerations are important: a) foil type, shape, thickness, and mounting technique; b) foil lifetime; and c)
stripping e�ciency.

5.4.1. Foil type

Substantial experience exists with strippers for high-current beams for stripping of H� from machines
such as TRIUMF, Spallation Neutron Source (SNS), and commercial (lower-energy) isotope-producing cy-
clotrons. TRIUMF utilizes 2 mg/cm2 highly oriented pyrolytic graphite foils for their 520 MeV beam,
supported on an inverted L-shaped frame which is in turn also supported on two edges so as to minimize
mechanical constraints from foil changes due to thermal cycling and aging. In addition, clamping the car-
bon stripper, a tantalum frame that is lined with thin, wrinkled copper foil helps reduce mechanical stresses
[35]. SNS strips 1 GeV ions using 260 µg/cm2 polycrystalline diamond foils supported only from the top
edge, thinner foils being required to minimize scattering due to multiple passes of the stripped beam during
stacking in the accumulator ring [36]. Commercial isotope cyclotrons for 30-70 MeV H� use 200-400 µg/cm2

pyrolytic graphite supported on a C frame.

21
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Table 2: Parameters of the DAE�ALUS injector cyclotron, from Ref. [8].
E

max

60 MeV/amu E

inj

35 keV/amu
R

ext

1.99 m R

inj

55 mm
< B > @ R

ext

1.16 T < B > @ R

inj

0.97 T
Sectors 4 Hill width 28 - 40 deg
Valley gap 1800 mm Pole gap 100 mm
Outer Diameter 6.2 m Full height 2.7 m
Cavities 4 Cavity type �/2, double gap
Harmonic 6th rf frequency 49.2 MHz
Acc. Voltage 70 - 240 kV Power/cavity 310 kW
�E/turn 1.3 MeV Turns 95
�R /turn @ R

ext

> 14 mm �R/turn @ R

inj

> 56 mm
Coil size 200x250 mm2 Current density 3.1 A/mm2

Iron weight 450 tons Vacuum < 10�7 mbar

e↵ect is negligible. Even though we have not yet optimized the central region magnetic field, we
believe this is a satisfactory result because it was achieved applying only linear corrections to the
pole profile. We will improve the magnetic field properties in subsequent refinements.

Other features of the design, RF frequency, harmonic number, and the average field value (see
Table 2), are selected to match the DAE�ALUS SRC. The large hill gap of 10 cm allows ample
space for the beam envelope, and provides good conductance for the < 10�7 mbar vacuum required
to minimize beam loss due to interactions with residual gas. Vacuum pumping will be provided by
8 cryopanels located in the hill regions, possibly integrated with the RF cavities The angular width
of the hill, in the range 28� to 40�, allows for adjustments to optimize isochronism and vertical
focusing. All these parameters will be studied to provide an optimum design.

2.2.3 Results of simulation

I think this entire section needs to be updated! Andreas can you do this? This is just
a place holder

The beam dynamics, including the space charge e↵ects, have been simulated using the OPAL
code developed at PSI by DAE�ALUS collaborator Andreas Adelmann. OPAL models charged-
particle optics in accelerator structures and beam lines [14]. Results show that the space charge
helps to form an approximately circular, stable beam in the horizontal-longitudinal plane. If the
beam starts at 0.5 MeV/amu at the boundary of the central region, it reaches 60 MeV/amu in 106
revolutions. The maximal trajectory radius is 2.1 m. The energy gain per turn is 0.6 MeV in the
first turn and 1.84 MeV in the last.

2.2.1 Results of simulation

Within the DAE�ALUS design e↵ort, extensive and precise simulations targeting the most challeng-
ing aspects of high power hadron drivers, namely stationary distributions and losses, are reported
in [8, ?].

The beam dynamics mode is based on OPAL (Object Oriented Parallel Accelerator Library)
Framework [?, 14]. The model is validated, using measured data from the PSI high power Ring
Cyclotron (1.4 (MW ) ⇡ 590 (MeV )⇥ 2.4 (mA) continuos wave). [?].

The main conclusions, relevant for the DIC from [?] are:

6

Figure 1: Left: Layout of the cyclotron. Pastel colors indicate magnetic field map (pink is highest).
Overlaid on the map are RF cavities (orange) and coil (red). Extraction trajectory for H+

2 is
shown. Right: Illustration of the Opera3D finite element magnetic model showing one quarter of
the cyclotron with the pole, the return yoke and the coil.

In our design, a 5mA H+
2 beam is injected at 70 keV (35 keV/amu) via a spiral inflector. As a

result, the generalized perveance (which parametrizes the strength of the space charge e↵ect,

K = (qI)/(2⇡✏0m�

3
�

3), (1)

is similar to that of existing cyclotrons that inject 2 mA of protons at 30 keV [12]. However, the
spiral inflector must be larger than in these lower-energy proton machines. Space charge e↵ects at
low energy and the consequent issues at extraction, where the beam size can be on the order of the
size of the turn separation, remain the primary technical challenges of the machine.

2.2 The Cyclotron

we need to update this to reflect what he have learned since the proposal. I do
not think we want to make this too much more technical because our audience is
not necessarily accelerator physicists. I am hoping that the NIM paper covers the
technical details at a su�cient level and we can refer to this.

2.2.1 Introduction to Cyclotrons

It is worthwhile to briefly review cyclotron design and terminology, relevant to the following discus-
sion. In a compact cyclotron, particles from the ion source are injected axially at the center, often
via a “spiral inflector” which directs the beam from a vertical direction to the horizontal median
plane. An RF cavity system accelerates the particles and, as the beam gains energy, its trajectory
is bent by a dipole magnetic field. As a result particles follow spiral orbits with radius increasing
with energy. The spatial separation between the “turns” grows smaller as the beam approaches the
outer edge of the cyclotron. In a compact cyclotron, such as we plan for IsoDAR, we use a single,
unsegmented magnet. The alternative is to segment the magnet, leading to a “separated-sector
design” such as is used in the the Paul Scherrer Institut (PSI) Injector II (3 mA of protons at 72

4

[Phys. Rev. ST Accel. 
Beams 13, 064201 (2010)]	


•  Non-superconducting, single coil design	


•  Accelerates 5mA H2
+ to 60 MeV/amu (600 kW proton beam)	


•  Beam dynamics simulated using OPAL code	

•  Verified single turn extraction with ‘classical’ electrostatic septum	
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Figure 11: Comparison of IsoDAR to alternative designs. See text for explanation.

• Value to future physics programs: Good: multiple examples of applications in physics; Mod-
erate: one other example; Bad: no examples. In the case of IsoDAR, these include application
of the technology to DAE�ALUS and to rare isotope production facilities such as Legnaro,
Holifield, and the 70 MeV cyclotron in Nantes.

• Value of this development to industry: Good: multiple examples of interested industries;
Moderate: one other example; Bad: no examples. In the case of IsoDAR, the IBA and BEST
Cyclotron Systems companies have both demonstrated interest in the design.

Based on this study, we conclude that the IsoDAR base design is the best technology choice for
the planned physics application.

29
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What proton energy is required?	

There is a “Delta plateau” where you can trade energy for current	


to get the same rate of  ν/MW	


“Delta	

Plateau”	


<600 MeV	

too little π+	

production	


>1500 MeV	

energy goes into	

producing other	

particles besides π+	

at a significant level	


proton energy (MeV)	


800 MeV	
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2

sues.
The beam can be extracted from the cyclotron in two

di↵erent ways: (1) direct extraction of H+
2 using an elec-

trostatic septum and (2) stripping extraction. Numerical
simulations based on Ref. [23] predict tolerable loss rates
in the case of direct extraction. The alternative approach
is extraction using a stripper foil similar to that which is
described in Ref. [24]. Both variants will be considered in
the detailed design of the machine. We currently assume
a stripper foil extraction, resulting in a proton beam of
60 MeV delivered at 10 mA.

The accelerator described is a continuous-wave source
with a 90% duty cycle to allow for machine maintenance.
In consideration of target cooling and degradation with
600 kW of beam power, we require a uniform beam dis-
tributed across most of the 20 cm diameter target with
a sharp cuto↵ at the edges. Third-order focussing ele-
ments in the extraction beam line are able to convert
the Gaussian-like beam distribution into a nearly uni-
form one [25] and hence create the necessary condition
on the target.

The 60 MeV proton beam impinges on a cylindrical
9Be target that is 20 cm in diameter and 20 cm long.
The primary purpose of this target is to provide a copi-
ous source of neutrons. Neutrons exiting the target are
moderated and multiplied by a surrounding 5 cm thick
region of D2O, which also provides target cooling. Sec-
ondary neutrons enter a 150 cm long, 200 cm outer di-
ameter cylindrical sleeve of solid lithium enveloping the
target and D2O layer. The target is embedded 40 cm
into the upstream face of this volume; a window allows
the beam to reach the target. The sleeve is composed of
isotopically enriched lithium, 99.99% 7Li compared to the
natural abundance of 92.4%. The isotopically pure mate-
rial is widely used in the nuclear industry and is available
from a number of sources. The isotope 8Li is formed by
thermal neutron capture on 7Li and to a lesser extent by
primary proton interactions in the 9Be target. For en-
hanced production, the sleeve is surrounded by a volume
of graphite and steel acting as a neutron reflector and
shield. The volume extends 2.9 m in the direction of the
detector. Isotope creation in the shielding is negligible.
Figure 1 displays the target and sleeve geometry and Ta-
ble I summarizes the experimental parameters. We note
that the geometry of the design is similar to that which
is described in Ref. [10].

We determine isotope production rates using a
GEANT4 simulation [26]. Due to its vast range of ap-
plications, GEANT4 provides an extensive set of data-
based, parametrized, and theory-driven hadronic mod-
els, each one specializing in di↵erent types of interactions
within a specified range of energy. The QGSP-BIC-HP
physics package was chosen for this particular applica-
tion. The applicable physics model is the pre-compound
nuclear one which is invoked by the Binary Cascade sim-
ulation. Simulated hadronic processes include elastic
scattering, inelastic scattering, neutron capture, neutron
fission, lepton-nuclear interactions, capture-at-rest, and

7Li (99.99%)
sleeve

9Be target
surrounded 

by D2O 

Proton beam

FIG. 1: A schematic of the IsoDAR target and surrounding
volumes. The dots represent 8Li (⌫e) creation points, ob-
tained with 105 60 MeV protons on target simulated. The
neutron reflector, shielding, and detector are not shown.

Accelerator 60 MeV/amu of H+
2

Current 10 mA of protons on target
Power 600 kW

Duty cycle 90%
Run period 5 years (4.5 years live time)

Target 9Be surrounded by 7Li (99.99%)
⌫ source 8Li � decay (hE⌫i=6.4 MeV)

⌫e/1000 protons 14.6
⌫e flux 1.29⇥1023 ⌫e

Detector KamLAND
Fiducial mass 897 tons

Target face to detector center 16 m
Detection e�ciency 92%

Vertex resolution 12 cm/
p

E (MeV)

Energy resolution 6.4%/
p

E (MeV)
Prompt energy threshold 3 MeV

IBD event total 8.2⇥105

⌫e-electron event total 7200

TABLE I: The relevant experimental parameters used in this
study.

charge exchange. For neutron energies below 20 MeV,
the high-precision package uses the ENDF/B-VII data
library [27].
Although all isotopes are considered in this analysis,

the induced 8Li source in the sleeve dominates the an-
tineutrino flux. The simulation yields 14.6 8Li isotopes
for every 1000 protons (60 MeV) on target. Approxi-
mately 10% of all 8Li is produced inside the target; the
rest is produced in the sleeve. Neutrinos and antineu-
trinos from other unstable isotopes are produced at a
comparatively negligible rate. Over a five year run pe-
riod and with a 90% duty cycle, 1.29⇥1023 antineutri-
nos from 8Li are created. IsoDAR’s nominal oscillation
analysis is done in terms of “shape-only” in L/E and is
therefore independent of the absolute flux normalization.
However, a “rate+shape” analysis using an absolute flux
normalization uncertainty of 5% is also considered in this
study.
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820,000 IBD events in 5 years of running	


Ø  Global	  fit	  can	  be	  ruled	  out	  at	  >	  5σ	  in	  4	  months	  of	  running!	  


